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Abstract 
 
Exposure to uncontrollable stress is a major risk factor for developing depression-
like behaviors such as deficits in goal-directed learning. It has been suggested that such 
impairments are mediated by the striatum and can be prevented by striatal neuroplastic 
changes induced by exercise. Recent evidence suggests that adenosine and dopamine 
(DA) are potent modulators of striatal signaling. Moreover, exercise can influence 
adenosine and DA activity. Therefore, exercise could modify adenosine and DA receptor 
systems, thereby altering striatal function. The purpose of this study was to 1) examine 
the effects of 6 weeks of wheel running on the mRNA expression of adenosine 1 (A1R), 
adenosine 2A (A2aR), DA 1 (D1R), and DA 2 (D2R) receptors in the dorsal striatum and 
2) determine if exercise-induced changes in mRNA expression of these receptors 
correlated with differences in c-fos mRNA induction in striatal direct and indirect 
pathway neurons following uncontrollable stress. The results from these studies were that 
running significantly reduces the mRNA expression of A1R and A2aR in the dorsal 
striatum. Exercise did not mediate D1R mRNA expression; however, a small but 
significant increase of D2R mRNA was detected in the dorsal striatum. Finally, prior 
voluntary exercise increased c-fos mRNA expression in dynorphin-expressing direct 
pathway neurons and decreased its expression in enkephalin-expressing indirect pathway 
neurons following uncontrollable stress. Taken together, these results are consistent with 
the conclusion that running induced alterations of the adenosine-dopamine receptor 
system could modify striatal output, which may underlie the protective effects of exercise 
against stress-induced deficits in goal-directed learning. 
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Introduction 
 
The World Health Organization has announced that by 2030 depression will be 
one of the largest economic health burdens on society, behind only HIV/AIDS. (Mathers 
and Loncar, 2006). The efficacy of current pharmacological treatments for stress-related 
mood disorders such as depression and anxiety, however, has been called into question 
(for review see (Turner et al., 2008; Fournier et al., 2010). As a result, researchers are 
turning to animal models as a potential tool to elucidate not only the neurobiology 
underlying depression and anxiety but also the mechanisms of treatments shown to be 
successful in humans at ameliorating these ailments, such as habitual physical activity 
(Blumenthal et al., 2007; Martinsen and Morgan, 1997; Martinsen, 2008; Salmon, 2001). 
Identifying these mechanisms may contribute to the development of more effective 
approaches for treating and preventing depression. 
 
Learned Helplessness (LH) is an established animal paradigm in which behavioral 
impairments mimic many of the symptoms of human depression (Maier and Seligman, 
1976; Overmier and Seligman, 1967) and are sensitive to common pharmacological 
interventions (Martin and Puech, 1996; Maudhuit et al., 1997). In this model rats exposed 
to an acute uncontrollable, but not controllable, stressor (Greenwood et al., 2003; 
Greenwood et al., 2012; Maier, 1984; Maier and Watkins, 2005; Strong et al., 2011) 
display a constellation of specific LH behavioral impairments. As such, LH is defined as 
a milieu of symptoms that emulate a perceived absence of control over a situational 
outcome as well as an inability to determine the consequences of one’s actions (Maier 
and Seligman, 1976; Maier, 1984). Furthermore, it is clear that exercise can both 
diminish the symptoms of depression and reduce the relative risk of developing 
depression in humans (Blumenthal et al., 2007; Martinsen and Morgan, 1997; Martinsen, 
2008; Salmon, 2001). These types of effects of exercise are also reported using the rat LH 
model. Indeed, allowing rodents voluntary access to running wheels for 6 weeks before 
the administration of the uncontrollable stressor significantly attenuates the sequelae of 
behavioral and cognitive deficits. (Greenwood et al., 2003; Greenwood et al., 2005; 
Greenwood and Fleshner, 2008; Greenwood et al., 2012; Rozeske et al., 2011; Strong et 
al., 2011). Taken together, LH may be utilized as a potential model to examine the 
neurological mechanisms underlying both stress-related mood disorders as well as the 
stress buffering effects of exercise.  
 
Instrumental or goal directed-learning is defined as the process by which a 
behavior is modified by the rewarding outcomes or punishing consequences it produces, 
and is significantly impaired by uncontrollable stress. Moreover, these deficits in goal-
directed learning parallel the cognitive deficits of clinical depression (for review see: 
Brown and Pluck, 2000; Strong et al., 2011). Such impairments may be characterized in 
animal models via the use of various behavioral assays. Traditionally, researchers 
employing the LH paradigm utilize the shuttle box escape task to identify these deficits. 
Interestingly, animals that have been exposed to uncontrollable stress days before 
behavioral testing display an impaired ability to complete the task compared to rats that 
were not stressed, indicating an impairment of goal-directed learning. (Maier and 
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Watkins, 2005; Greenwood et al., 2003; Greenwood and Fleshner, 2008; Greenwood et 
al., 2012; Strong et al., 2011).  
 
Goal-directed behavior is 
complex and involves contributions 
from several brain regions. The 
striatum is one region in particular that 
has received increasing attention for its 
role in mediating this behavior. 
Suggested to integrate sensorimotor 
information and initiate the movements 
necessary in order to obtain reward 
and/or avoid punishment (Kravitz and 
Kreitzer, 2012), the striatum has been 
directly implicated in goal directed 
learning (Bhatia and Marsden, 1994; 
Hikida et al., 2010; Kravitz et al., 
2012; Samejima et al., 2005a). 
Moreover, our lab has also implicated 
the striatum in deficits of goal-directed 
learning brought on by stress 
(Greenwood et al., 2012; Strong et al., 
2011). The striatum is mostly 
composed of GABAergic medium 
spiny neurons (MSN), named for their 
medium soma size and specialized 
dendritic processes (Lanciego et al., 2012). Lastly, while these MSNs are 
morphologically similar, they are commonly delineated into two classes based upon their 
neurochemical composition and function (summarized in Fig.1).  
 
These two classes of MSN have been termed “direct” and “indirect” pathway 
neurons based upon their distinct protein/receptor expression, projection sites, and 
functions concerning the generation of movement (Lanciego et al., 2012). Briefly, direct 
pathway MSNs are thought to nearly exclusively express the opiod peptide dynorphin, 
substance P, and dopamine (DA) D1 receptors (D1R). On the other hand, indirect 
pathway MSNs nearly exclusively express the opiod peptide enkephalin, DA D2 
receptors (D2R), and adenosine 2a receptors (A2aR). Both classes of MSNs express the 
adenosine A1 receptor (A1R) (Ferré et al., 1997; Fuxe et al., 2007; Gerfen et al., 1990; 
Lanciego et al., 2012; Lu et al., 1997; Svenningsson et al., 1999). In terms of locomotion, 
activation of the direct pathway is classically associated with the promotion of 
movement, whereas activation of the indirect pathway is implicated in the inhibition of 
movement (Durieux et al., 2009; Kravitz et al., 2010; Kravitz and Kreitzer, 2012; Sano et 
al., 2003). Furthermore, a role for the direct and indirect pathways in reward and 
aversion, respectively, has recently been elucidated. Activation of the direct has been 
implicated in signaling reward while activation of the indirect pathway is thought to 
signal aversion (Hikida et al., 2010; Kravitz et al., 2012). Moreover, the direct pathway 
Fig. 1 The Functional Anatomy of Striatal Medium 
Spiny Neurons 
Differential protein/receptor expression and function of 
striatal direct and indirect pathway MSNs. “+” indicates 
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has been specifically identified as a contributor to reinforcement and goal-directed 
learning (Kravitz et al., 2010; Samejima et al., 2005b). Therefore, an imbalance of neural 
activity between these pathways may underlie a failure to initiate the goal-directed 
movements needed to escape shock in the shuttle box escape task. Such aberrant 
signaling may contribute to the impairments of goal-directed learning seen in LH. 
 
The activity of both the direct and indirect pathway MSNs is potently modulated 
by the purine nucleoside, adenosine, and the monoamine, DA. For example, acting on 
D1Rs, DA initiates adenylyl cyclase signaling, possibly activating direct pathway MSNs 
promoting both movement and reward. Conversely, when DA binds D2Rs, adenylyl 
cyclase signaling is attenuated, possibly inactivating indirect pathway MSNs ultimately 
permitting movement and reward. (Lanciego et al., 2012; Kravitz and Kreitzer, 2012). 
Adenosine can act to modulate DA induced striatal activity via the formation of 
adenosine-dopamine heteromeric receptor complexes. Binding of adenosine to A1Rs 
attenuates adenyl cyclase signaling and when dimerized with D1R reduces the binding 
affinity for DA, thereby attenuating activation of the direct pathway, permitting the 
inhibition of movement and the promotion of aversion. On the other hand, the binding of 
adenosine to A2aRs increases adenyl cyclase signaling and also decreases the affinity of 
D2Rs for DA when dimerized, thereby increasing activation of the indirect pathway, 
inhibiting movement and promoting aversion (Ferré et al., 1997; Ferré et al., 2007; 
Kravitz and Kreitzer, 2012; Lanciego et al., 2012). Taken together, DA acting in the 
striatum acts to promote movement and reward while adenosine initiates cellular 
processes that lead to the inhibition of movement and the promotion of aversion.  
 
The purine and ATP metabolite, adenosine has been previously implicated as a 
major contributor to impairments in goal-directed learning, but outside of the specific 
context of the striatum. It has been hypothesized that the administration of the 
uncontrollable stressor used to elicit LH drastically increase extracellular adenosine 
levels in stress reactive brain regions, e.g. the striatum, promoting goal-directed learning 
deficits. (Dunwiddie and Masino, 2001; Dworak et al., 2007; Hanff et al., 2010; Hoehn 
and White, 1990; Hunter et al., 2003; Minor and Hunter, 2002a; Minor, 2008; Woodson 
et al., 1998). Indeed, Minor et al. reported that blockade of central adenosine receptors 
can prevent the shuttle box escape deficits produced by uncontrollable stress; while 
activation of A2aRs on the other hand, is sufficient to produce those deficits in the 
absence of stress to produce those same behaviors (Minor et al., 1994a; Minor et al., 
1994b). Moreover, the use of a nucleoside transport blocker to artificially increase 
extracellular brain adenosine concentrations induces LH-like shuttle box escape latencies 
and interacts synergistically with uncontrollable stress to similarly inhibit test 
performance (Minor, 2008). Given the unique pattern of expression of adenosine 
receptors on the direct and indirect pathways of the striatum, it is reasonable to 
hypothesize that high levels of extracellular adenosine following uncontrollable stress 
induces a differential activation of these two circuits to promote the freezing and aversion 
that underlie goal-directed learning deficits. Consequently, any neuroplasticity of the 
adenosine-dopamine receptor system in the striatum could contribute to the modulation 
of goal-directed learning and may serve as a means by which exercise exerts some of its 
anxiolytic influence. 
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One potential mechanism by which voluntary exercise may prevent goal-directed 
learning deficits brought on by stress is through alterations in the expression of A1R and 
A2aR mRNA in the striatum. Continuous or acute exposure to A1R and A2aR agonists has 
been reported to induce both increases and decreases of adenosine receptor mRNA 
(Kobayashi and Millhorn, 1999; León et al., 2009; Ruiz et al., 2011; Vendite et al., 1998). 
Moreover, exercise can potently increase brain-wide adenosine concentrations in a dose-
dependent manner (Dworak et al., 2007). As such, consistent increases in adenosine 
concentrations following instances of voluntary wheel running may be sufficient to 
change adenosine receptor mRNA expression in the striatum. Given the protective effects 
of exercise observed in a LH model, alterations in striatal adenosine receptor mRNA 
expression may underlie some of the stress-buffering benefits associated with voluntary 
wheel running. Such changes in adenosine receptor transcript have been found to 
correlate with similar changes in both radioligand binding affinity and protein 
concentration in the brain (Albasanz et al., 2006; Calon et al., 2004; Cheng et al., 2000; 
Khoa et al., 2001; León et al., 2004; Murphree et al., 2005; Varani et al., 2010). In 
addition, it is also possible that repeated voluntary wheel running, which also increases 
striatal DA concentrations (unpublished data), may induce similar changes to dopamine 
receptor mRNA expression within this region. As a result, any exercise induced 
transcriptional changes to A1R, A2aR, D1R, and D2R may have functional receptor 
consequences, which may ultimately influence striatal MSN activity. However, whether 
or not voluntary exercise impacts the transcriptional capacity of these receptors in the 
striatum is, to the best of our knowledge, unknown.  
 
The first objective of this study, therefore, was to examine the effects of 6 weeks 
of voluntary wheel running on the mRNA expression of A1R, A2aR, D1R, and D2R in the 
dorsal medial striatum (DMS) and the dorsal lateral striatum (DLS), using single label 
radioactive in situ hybridization. Generally speaking, the DMS has been implicated in 
goal directed learning and the acquisition of instrumental behaviors (Lex and Hauber, 
2010; Yin et al., 2005) while the DLS has been associated with habit learning and the 
maintenance of instrumental behaviors (Yin et al., 2006; Yin and Knowlton, 2006). 
Regional changes to mRNA expression of A1R, A2aR, D1R, and D2R, therefore, may have 
significance for different striatal processes. The second objective of this study was to 
determine if potential changes in the expression of these receptors due to exercise 
correlated with differences in activation of direct and indirect pathway MSNs following 
uncontrollable stress. A measure of striatal pathway activity was obtained via double 
label fluorescence in situ hybridization (FISH) using the immediate early gene, c-fos, as a 
marker of cellular activity and either dynorphin or enkephalin as markers of direct or 
indirect pathway MSNs respectively. Exercise-induced changes to A1R, A2aR, D1R, and 
D2R gene expression may result in a differential stimulation of direct and/or indirect 
pathway MSNs. Given the opposing roles of these pathways in movement and reward, 
potential changes observed in direct or indirect pathway MSN activity could contribute to 
the ability of exercise to prevent deficits in goal-directed learning.  
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Materials and Methods 
 
Animals 
32 male Fischer344 rats (obtained from Harlan SPF, Indianapolis, IN, USA) 
weighing approximately 148 g at time of arrival were used in all experiments. Rats were 
either individually housed in standard Nalgene Plexiglas cages (45x25.2x14.7 cm) (n=16) 
or in cages with locked running wheels, which were rendered immobile with metal stakes 
(45x25.2x14.7) (n=16). Animals were housed in a temperature (21 ± 1°C) and humidity-
controlled environment, were maintained on a 12 hr light/ dark cycle (lights on 6 A.M.-6 
P.M.), and had ad libitum access to food (Harlan Teklad 7012) and water. Rats were 
acclimated to these housing conditions for 1 week before any experimental manipulation. 
After 1 week, running wheels were unlocked and rats were granted voluntary access to 
running wheels for the remainder of the study (6-7 weeks). Daily wheel revolutions were 
recorded digitally using Vital View software (Mini Mitter, Bend, OR, USA). Although 
individual housing can evoke some features of the stress response in rats (Sharp et al., 
2002), single housing was necessary in these experiments to allow quantification of the 
activity of individual animals and to avoid competition for running wheels. Care was 
taken to minimize animal discomfort during all procedures. All experimental protocols 
were approved by the University of Colorado Animal Care and Use Committee and 
adhered to NIH guidelines. Rats were weighed weekly.  
 
Uncontrollable Tail Shock Stress Protocol 
After 6 weeks of running or sedentary conditions, rats were randomly assigned to 
receive inescapable shock (IS) (n=8 Sedentary IS, n=8 Running IS) or remain in their 
home cages as controls (n=8 sedentary Control, n=8 Running Control). Stressed animals 
were restrained in Plexiglas tubes (23.4 cm long and 7.0 cm in diameter) with their tails 
protruding from the back. Electrodes were placed over the tails and 100 tail shocks (5 
sec, 1.5 mA) on a 1-minute variable intershock interval were delivered. Evidence 
suggests that this acute stressor is sufficient to both induce symptoms of learned 
helplessness as well as tax brain metabolic capacity resulting in adenosine accumulation. 
Control rats that did not receive IS were left undisturbed in home cages during tail 
shocks.   
 
Tissue Preparation 
All rats were euthanized via rapid decapitation immediately following 
uncontrollable shock in pairs (one from the IS group and one from the Control group). 
Brains were then rapidly extracted and flash frozen in chilled (dry ice) isopentane (-20°C) 
for 4 minutes and subsequently stored at -80°C until sectioning. Brains were cross-
sectioned at 10 µm from rostral to caudal and striatal sections were thaw mounted on 
Superfrost Plus slides (Fisherbrand Pittsburgh, PA) and stored at -80°C until processing 
for single label radioactive in situ hybridization or double labeled fluorescent in situ 
hybridization (FISH). 
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Radioactive in situ Hybridization 
Purpose: To detect relative differences in striatal A1R, A2AR, D1R, or D2R mRNA 
due to running. Radioactive in situ hybridization followed our previously published 
protocols.  (Greenwood 2003, Day and Akil 1996) Briefly, on day one, a 1-in-20 series 
(separated by 200 µm) of sections containing the striatum were fixed in 4% 
paraformaldehyde for 1hr, acetylated in 0.1M triethanolamine containing 0.25% acetic 
anhydride for 10 min, and then dehydrated in graded ethanol. cRNA riboprobes 
complementary to A1R (743 bp), A2AR (949 bp), D1R (461 bp), and D2R (492 bp) were 
prepared from cDNA subclones in transcription vectors and labeled with [35S]UTP 
(courtesy of Serge Campeau, Heidi Day, and Aggie Mika, University of Colorado at 
Boulder, USA), using standard transcription methods. Riboprobes were diluted in 50% 
hybridization buffer containing 50% formamide, 10% dextran sulfate, 2x Sodium Citrate 
(SSC), 50mM Phosphate Buffered-Saline (PBS) at pH 7.4, 1x Denhardt’s solution, and 
0.1 mg/ml yeast tRNA. Sections representative of the rostral to caudal striatum were 
hybridized with each respective probe for approximately 18 hr at 55°C. On day two, 
sections were washed in 2X SSC and then treated with RNaseA (200 µg/ml) for 1hr at 
37°C. Sections were then treated with graded SSC washes (2x, 1X, 0.5X, and 0.1X) and 
placed in a 0.1X SCC at 65°C for 1hr. Sections were finally dehydrated in graded 
ethanol, air dried for approximately 40 min, and placed into X-ray film cassettes and 
covered with X-ray films (Biomax-MR; Eastman Kodak, Rochester, NY, USA) for 3 
days (for A2AR, D1, D2) or 7 days (for A1R).  For each probe, slides from all rats were 
processed in a single in situ experiment to allow for direct comparisons.  Labeling with 
“sense” probes indicated that the signal observed with the “antisense” probes was 
specific. 
 
Double Label Fluorescent in situ Hybridization 
Purpose: To detect the proportion of enkephalin or dynorphin in the striatum 
containing neurons that co-express c-fos. Briefly, on day one, a 1-in-20 series (separated 
by 200 µm) of sections containing the striatum were fixed in 4% paraformaldehyde for 
1hr, acetylated in 0.1M triethanolamine containing 0.25% acetic anhydride for 10 min, 
and then dehydrated in graded ethanol. cRNA riboprobes for dynorphin (744 bp), 
enkephalin (693bp) and c-fos (680bp) were prepared from cDNA subclones in 
transcription vectors (courtesy of Serge Campeau and Heidi Day, University of Colorado 
at Boulder, USA). Both dynorphin and enkephalin probes were labeled with fluorescein-
12-UTP,  (Roche, Indianapolis, IN, USA) while c-fos was labeled with digoxigenin-11-
UTP (Roche, Indianapolis, IN, USA), using standard transcription methods. Riboprobes 
were diluted in 50% hybridization buffer containing 50% formamide, 10% dextran 
sulfate, 2x Sodium Citrate (SSC), 50mM Phosphate Buffered-Saline (PBS) at pH 7.4, 1x 
Denhardt’s solution, and 0.1 mg/ml yeast tRNA. Sections representative of the rostral to 
caudal striatum were hybridized with either dynorphin or enkephalin as well as c-fos 
probes for approximately 18 hr at 55°C. On day two, sections were washed in 2X SSC 
and then treated with RNaseA (200 µg/ml) for 1hr at 37°C. Sections were then treated 
with graded SSC washes (2x, 1X, 0.5X, and 0.1X) and placed in a 0.1X SCC at 65°C for 
1hr. Sections were then returned to room temperature in distilled water and washed with 
0.05M PBS. Sections were then quenched in 2% hydrogen peroxide in 0.05 PBS with 
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agitation (30 min, RT). Subsequently, sections were washed in a 1x Tris-Buffered Saline 
containing 0.05% Tween-20 (pH 7.5, TBS-T), and incubated in 0.5% blocking buffer 
(Perkin-Elmer, Waltman, MA, USA) in 1x TBS for 1 hr. Sections were immediately 
incubated in anti-digoxigenin-horseradish peroxidase (Roche, Indianapolis, IN, USA) at 
1:750 dilution, 80 µl per slide, in blocking buffer for 30 min. Sections were next washed 
in TBS-T and the digoxigenin-UTP-c-fos complex was detected with a tyramide signal 
amplification kit with cyanine 3 (CY3) as the flourophore (45 min at RT; 1:100 dilution, 
80 µl per slide, in 1X amplification diluent (Perkin-Elmer, Waltham, MA, USA)). 
Sections were washed and stored overnight in 0.05M PBS at 4°C. On day three, sections 
were again quenched in 2% hydrogen peroxide in a 0.05M PBS with agitation (30 min, 
RT). Sections were next washed in TBS-T and incubated for 90 min in an anti-
flourescein-horseradish peroxidase (Perkin-Elmer, Waltham, MA, USA) at 1:100 dilution 
in blocking buffer, 80 µl per slide. Sections were again rinsed with TBS-T and the 
flourescein-UTP-dynorphin/enkephalin complex was detected as stated as above with 
flourescein as the flourophore (1 hr at RT; 1:100 dilution, 80 µl per slide, in 1x 
amplification diluent (Perkin-Elmer, Waltham, MA, USA)). Slides were then washed in 
PBS and then air dried for approximately 30 min. Coverslips were placed on slides and 
set using ProLong Gold antifade reagent with DAPI (Life Technologies, Grand Island, 
NY, USA). 
Image Analysis for Radioactive in situ Hybridization 
Levels of A1R, A2AR, D1R, and D2R mRNA were analyzed by computer assisted 
optical densitometry according to our previously published protocols. (Greenwood 2003)  
Images of the brain sections on X-ray film were captured digitally (CCD camera, model 
XC-77; Sony, Tokyo, Japan) and the relative optical density of the probe on each 
captured image was determined using Scion Image version 4.0 (Scion, Fredick, MD, 
USA). A macro was written that enabled signal above background to be determined 
automatically. For each section, a background sample was taken over an area of white 
matter (for A2AR, D1R, and D2R) or off the section (for A1R, as it is expressed in 
oligodendrocytes), and the signal threshold was calculated as mean gray value of 
background +3.5 SD. The section was automatically density sliced at this value, so that 
only pixels with gray values above these criteria were included in the analysis. Results 
are expressed as mean integrated density, which reflects both the signal intensity and the 
number of pixels above the assigned background (mean signal produced by the cRNA 
probe above background multiplied by the number of pixels above background). Care 
was taken to ensure that equivalent areas were analyzed between animals. Quantification 
of each probe occurred in the dorsal medial striatum (DMS) and the dorsal lateral 
striatum (DLS) at five rostral to caudal levels [coordinates 2.2 to 1.7 mm, 1.6 to 1 mm, 
0.2 to -0.3 mm, -0.4 to 0.8 mm, and -0.9 to -1.5 mm from bregma]. The relative optical 
densities of the 5 levels of the striatum were then averaged to yield a mean integrated 
density in both the DMS and DLS for each subject.  
 
 
 
 
 
Ghasem 11 
Image Analysis for Double Label Fluorescent in situ Hybridization 
Images were acquired from a Zeiss AX10 with axioscan Z1 fluorescent microscope 
interfaced to a computer running axiovision software (Zeiss, Oberkochen, Germany) at 
200x total magnification. Fluorescein (dynorphin or enkephalin), Cy3 (c-fos), and DAPI 
(nuclei) emission channels were merged to create a single image. For each rat, two non-
overlapping adjacent images were acquired for both the DMS and DLS in 3 sections 
across the rostral to caudal axis of the striatum (coordinates between 2.0 to 1.8 mm, 1.2 to 
1.0 mm, and 0 to -0.2 mm from bregma). The number of c-fos, enkephalin or dynorphin, 
and co-labeled (enkephalin/c-fos or dynorphin/c-fos) neurons were then counted in each 
image. These values were then averaged to yield representative values in each region for 
each subject. A co-label was confirmed when a dynorphin- or enkephalin-positive cell 
completely covered and had a similar shape to a c-fos positive cell.  
Statistical Analysis 
The relative optical density of A1R, A2AR, D1R, and D2R mRNA expression were 
reported as an average of the entire rostral to caudal extent for the striatum (DMS and 
DLS [coordinates between 2.0 to -0.2 mm from bregma]) and compared by a one-way 
ANOVA with exercise (Sedentary vs. Running) conditions as factors. The density of c-
fos positive cells in the dorsal striatum was compared by a two-way ANOVA with 
exercise and stress condition as factors. Additionally, we estimated the proportions of 
enkephalin or dynorphin neurons that co-expressed c-fos in exercise and stress. The 
proportion data were analyzed among groups by a two-way ANOVA with exercise and 
(Sedentary vs. Running) and stress (Control vs. IS) conditions as factors. For all analysis 
p<0.05 was considered statistically significant. 
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Results  
Wheel running (Fig. 2) 
Wheel running distance (Fig. 2A) increased steadily for the first 3 weeks and thereafter 
maintained a plateau averaging 4.40 km/week (± 0.17 SE). Average distance run for the 
entire experiment was 3.79 km/week (± 0.07 SE). Body weight (Fig. 2B) also increased 
gradually over 6 weeks, however, animals that were allowed voluntary access to running 
wheels (n=16) gained less weight over time than sedentary animals (n=16). Repeated 
measures ANOVA revealed significant effects of time (F(5,160) = 542.615; p<0.0001) and 
exercise (F(1,160) = 20.551; p<0.0001) and a reliable time by exercise interaction (F(5,160) = 
7.114; p<0.0001).  	  
 
Fig. 2. Average wheel running distance per day. Adult male Fischer F344 rats were 
allowed voluntary access to running wheels for 6 weeks. A) the mean distance 
(kilometers) run each day by the physically active rats. B) the mean weekly body weight 
(grams) of physically active and sedentary rats. Data represent the group means ±SEM 
run each day for 6 weeks.	  
 
Radioactive in situ Hybridization 
A1R and A2aR Gene Expression (Fig. 3) 
Considerable evidence suggests that the activation of adenosine receptors may underlie 
LH behaviors (Minor et al., 1994c; Minor et al., 1994d; Minor, 2008; Hunter et al., 
2003). Therefore, voluntary wheel running may prevent the induction of LH instrumental 
learning deficits by reducing the levels of these receptors, particularly on the medium 
spiny neurons (MSNs) of the striatum. In order to investigate this hypothesis, the relative 
amount of A1R and A2aR mRNA were measured in the striatum (dorsal medial and dorsal 
lateral) of sedentary and physically active rats, in the absence of stress, using in situ 
hybridization. Five rostral to caudal regions in the striatum (Fig. 4A) were quantified for 
each receptor and averaged to give a mean integrated density in each region for each 
subject. Exercise decreased A1R gene expression in both the dorsal medial (DMS) (F(1,28) 
= 25.381; p<0.0001) and the dorsal lateral (DLS) (F(1,28) = 22.982; p<0.0001) striatum 
compared to sedentary controls (Fig. 4B). Furthermore, exercise also decreased A2aR 
gene expression in both the DMS (F(1,28) = 94.522; p<0.0001) and the DLS (F(1,28) = 
4387.503; p<0.0001) compared to sedentary controls (Fig 4C). Representative 
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autoradiographs of striatal A1R and A2aR mRNA in sedentary and running animals are 
shown in figures 4D and 4E respectively. 	  
	  
Fig. 3. Expression of (B) A1R and (C) A2aR mRNA in the DMS and DLS of 
sedentary and exercised animals. A) Rostral to caudal regions of the striatum that were 
sampled. D,E) Representative autoradiographic coronal sections of SED (top) and RUN 
(bottom) animals for both (D) A1R and (E) A2aR. Data represent the mean integrated 
density +SEM, ANOVA: ***main effect of exercise (p<0.0001). 
D1R and D2R Gene Expression (Fig. 4) 
It is well established that the activation of direct pathway D1Rs and A1Rs yield 
antagonistic intracellular effects. Similarly, it is known that function of indirect pathway 
D2Rs and A2aRs are also antagonistic in nature (Ferré et al., 1997; Fuxe et al., 2007). 
Moreover, given the role of dopamine in facilitating movement and reward, another 
possible mechanism by which voluntary wheel running could prevent the instrumental 
learning deficits seen in LH is by increasing the expression of the D1 and D2 receptors on 
the MSNs within the striatum. In order to determine if voluntary exercise alters the 
mRNA expression of these receptors, the relative amount of D1R and D2R mRNA were 
B. 
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measured in the striatum of sedentary and physically active rats, in the absence of stress, 
using in situ hybridization. Five rostral to caudal regions in the striatum (Fig. 5A) were 
quantified for each receptor and averaged to give a mean integrated density in each 
region for each subject. No significant effect of exercise on D1R gene expression was 
observed compared to sedentary controls in either the DMS or the DLS (Fig. 5B). 
However, exercise did elevate D2R gene expression in both the DMS (F(1,28) = 7.797; 
p=0.0093) and the DLS (F(1,28) = 4.742; p=0.038) compared to sedentary controls (Fig 
5C). Representative autoradiographs of striatal D1R and D2R mRNA in sedentary and 
running animals are shown in figures 5D and 5E respectively. 
 
 
 
 
Fig. 4. Expression of (B) D1R and (C) D2R mRNA in the DMS and DLS of sedentary 
and exercised animals. A) Rostral to caudal regions of the striatum that were sampled. 
D,E) representative autoradiographic coronal sections of SED (top) and RUN (bottom) 
animals for both (D) D1R and (E) D2R. Data represent the mean integrated density 
+SEM, ANOVA: ***main effect of exercise (p<0.0001). 
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Plasma Corticosterone Levels (Fig. 5) 
In order to verify that 100 IS induced a reliable stress response, Corticosterone (CORT) 
was assayed in plasma collected from trunk blood from all animals. Both sedentary and 
running animals exposed to 100 IS displayed a significant induction of plasma 
Corticosterone levels compared to non-stressed controls (F(1,28) = 229.041 p<0.0001). 
Consistent with our previous reports (Speaker et al., 2013), no effect of exercise on the 
CORT response to stress was observed (F(1,28) = 0.99; p<0.3283) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Effect of stress and 6 weeks of voluntary exercise on plasma Corticosterone 
levels. Animals were either administered 0 (control condition) or 100 acute, inescapable 
shocks (IS), immediately sacrificed and trunk blood was collected. Data represent the 
mean +SEM, ANOVA: *** main effect of stress (p<0.0001). 
 
Fluorescent in situ Hybridization 
Activation of Dynorphin Neurons in the Dorsal Striatum Following Acute Stress (Fig. 6) 
It has been hypothesized that an acute stressor such as Inescapable Shock (IS) potently 
enhances metabolic activity in stress reactive brain regions, and could lead to energy 
shortages, specifically a deficit in ATP (Dunwiddie and Masino, 2001; Hanff et al., 2010; 
Minor and Hunter, 2002a). Under increased metabolic demand ATP is hydrolyzed to its 
precursors (i.e. ADP!AMP!Adenosine) ultimately leaving an intracellular 
accumulation of adenosine. When the accumulation of adenosine reaches a critical 
amount, it is transported to extracellular space where it binds to A1R to promote 
metabolic fatigue related processes and possibly shuttle box escape deficits. One possible 
mechanism by which A1R could contribute to these deficits is via its ability to suppress 
neuronal activity of direct pathway MSNs Therefore, if the finding that exercise yields a 
reduction in A1R mRNA expression is reflective of a reduction in functional receptor 
levels, it is reasonable to expect that exercised animals would display a greater activation 
of the direct pathway following IS. In order to investigate this hypothesis, the activation 
of the direct pathway was measured using double label fluorescent in situ hybridization 
(FISH). 3 rostral to caudal regions of the DMS and DLS (Fig. 5A) were assayed for the 
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number of dynorphin cells co-expressing c-fos. The proportion of dynorphin and c-fos 
double labeled neurons were similar throughout the rostral to caudal striatum for each 
group. Therefore, an average of the number of double-labeled neurons was taken across 
all levels of the striatum to yield a proportion of dynorphin cells expressing c-fos for each 
subject. A significant increase of dynorphin neurons co-expressing c-fos due to stress was 
observed in both the DMS (F(1,29) = 134.061; p<0.0001) and the DLS (F(1,29) = 133.083; 
p<0.0001) (Figs. 5C&D).  Furthermore, exercise also increased the proportion of 
dynorphin neurons that expressed c-fos in both the DMS (F(1,29) = 9.53; p=0.0365) and the 
DLS (F(1,29) = 10.539; p=0.0029) (Figs. 5C&D). In addition, a significant interaction was 
observed between stress and exercise conditions in the DLS (F(1,29)  = 6.528; p=0.0161) 
but not the DMS (F(1,29) = 3.674; p=0.0652) (Figs. 5C&D). Post hoc analysis revealed that 
exercise increased the expression of c-fos due to stress in dynorphin neurons in the DLS 
(p=0.0005). A representative image of a dynorphin, c-fos double label FISH is also 
shown in figure 5B.  
Activation of Enkephalin Neurons in the Dorsal Striatum Following Acute Stress (Fig. 7) 
Increasing levels of extracellular adenosine during IS could also bind A2aR, which when 
activated acts to elevate neuronal activity of indirect pathway. Therefore, if the finding 
that exercise yields a reduction A2aR in mRNA expression is reflective of a reduction in 
functional receptor levels, it is reasonable to hypothesize that exercised animals would 
display a reduced activation of the indirect pathway following IS. In order to examine 
this hypothesis, the activation of the indirect pathway was measured using double label 
FISH. 3 rostral to caudal regions of the DMS and DLS (Fig. 6A) were assayed for the 
number of enkephalin cells co-expressing c-fos. The proportion of enkephalin and c-fos 
double labeled neurons were similar throughout the rostral to caudal striatum for each 
group. As a result an average of the number of double-labeled cells was taken across all 
levels of the striatum to yield a proportion of enkephalin neurons co-labeled with c-fos 
for each subject. Stress significantly increased the number of enkephalin neurons co-
expressing c-fos in both the DMS (F(1,29) = 170.077; p<0.0001) (Fig 6C) and the DLS 
(F(1,29) = 81.879; p<0.0001) (Fig 6D). No main effect of exercise on the proportion of 
enkephalin neurons labeled with c-fos was observed. However, a significant interaction 
was observed between stress and exercise conditions in the DMS (F(1,29) = 5.664; 
p=0.0241) but not the DLS (F(1,29) = 0.859; p=.361) in animals that had been exposed to 
IS (Figs. C&D). Post hoc analysis revealed that exercise decreased the expression of c-
fos due to stress in enkephalin neurons in the DMS (p=0.015). A representative image of 
a enkephalin, c-fos double label FISH is also shown in figure 6B. 
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Fig. 6. Activation of the direct striatal circuit represented by the proportion of 
dynorphin cells co-expressing c-fos. A) Rostral to caudal regions of the striatum that 
were sampled. B) Representative image of double label FISH with dynorphin (green) and 
c-fos (red) with a representative double label cell highlighted. Effect of stress and 6 
weeks of voluntary exercise on direct pathway neuronal activation in the (C) DMS and 
(D) DLS. Both sedentary and running animals were exposed to 100 inescapable tail 
shocks (IS) or remained in their home cages as controls (HC). Rats were then 
immediately sacrificed and brains were removed and processed for in situ hybridization. 
Data represent the mean +SEM, Two-way ANOVA: * main effect of stress (p<0.0001), # 
main effect of exercise (p<0.05) ϕ stress x exercise interaction (p<0.05).  
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Fig. 7. Activation of the indirect striatal circuit represented by the proportion of 
enkephalin cells co-expressing c-fos. A) Rostral to caudal regions of the striatum that 
were sampled. B) Representative image of double label FISH with enkephalin (green) 
and c-fos (red) with a representative double label cell highlighted. Effect of stress and 6 
weeks of voluntary exercise on indirect pathway neuronal activation in the (C) DMS and 
(D) DLS. Both sedentary and running animals were exposed to 100 inescapable tail 
shocks (IS) or remained in their home cages as controls (HC). Rats were then 
immediately sacrificed and brains were removed and processed for in situ hybridization. 
Data represent the mean +SEM, Two-way ANOVA: * main effect of stress (p<0.0001), ϕ 
stress x exercise interaction (p<0.05).  
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Discussion 
 
These findings implicate physical activity as a potential contributor to striatal 
adenosine and DA receptor neuroplasticity. Moreover, they also suggest a role for 
exercise in altering striatal activity during an acute stressor. In the present studies, it was 
found that six weeks of voluntary wheel running significantly reduced the expression of 
A1R and A2aR mRNA in the striatum. Furthermore, while no effect of exercise was 
detected on striatal D1R mRNA, a modest but significant increase of striatal D2R mRNA 
expression in running animals was observed. Additionally, these exercise-induced 
changes in receptor gene expression correlated with hypothesized alterations in c-fos 
induction in striatal direct and indirect pathway MSNs. Running animals displayed a 
greater stress-induced c-fos induction in dynorphin expressing direct pathway MSNs and 
a reduced c-fos induction in enkephalin expressing indirect pathway MSNs. Taken 
together, running induced alterations to adenosine and DA receptor gene expression may 
contribute to changes in striatal signaling which could underlie the protective effects of 
exercise against goal-directed learning deficits brought on by IS. 
 
The A1Rs and A2aRs are increasingly discussed as major modulators of striatal 
function such as movement, goal directed learning, and reward (Bastia et al., 2005; 
Randall et al., 2011; Shen et al., 2008; Worden et al., 2009; Yu et al., 2009). Indeed the 
administration of A1R and A2aR agonists can attenuate drug seeking, a reward-linked 
behavior, in rodents (Hobson et al., 2013; O'Neill et al., 2012). Therefore, reductions in 
striatal A1R and A2aR mRNA expression observed in running animals could contribute to 
potentiated drug seeking behaviors sometimes observed following exercise (Bachtell and 
Self, 2009). Moreover, adenosine has been implicated in the generation of behavioral 
despair (Crema et al., 2013) as well as the depression-like behavioral impairments 
observed following uncontrollable tail shock (Hanff et al., 2010; Minor et al., 1994c; 
Minor et al., 1994d). Indeed, A2aRs are currently being explored as a novel anti-
depressant (Hodgson et al., 2009; Yacoubi et al., 2001). As such, the observed reductions 
in striatal A1Rs and A2aR mRNA expression in running animals could underlie the 
anxiolytic effects associated with exercise. While studies suggest that alterations in A1R 
and A2aR mRNA are associated to similar changes in protein or radioligand binding 
(Albasanz et al., 2006; Calon et al., 2004; Cheng et al., 2000; Khoa et al., 2001; León et 
al., 2009; Murphree et al., 2005; Varani et al., 2010), future studies should examine 
potential reductions in adenosine receptor functionality and/or expression that could 
correlate to the reported running induced changes to adenosine receptor mRNA. If 
exercise-related decreases in gene expression translate to reductions in functional 
adenosine receptor protein, then these data could have implications for the treatment of 
disorders that involve striatal dysfunction.  
 
The down regulation of striatal A1R and A2aR mRNA observed in the running 
animals of this study may be explained by increases in striatal adenosine concentration 
during exercise bouts. Indeed, exercise can increase brain-wide concentrations of 
adenosine in a dose-dependant manner in rodents (Dworak et al., 2007) and chronic 
administration of an A1R receptor agonist in vivo reduces both A1R mRNA and protein 
expression in the brain (León et al., 2009). During periods of increased metabolic 
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demand, such as exercise, ATP is hydrolyzed to its precursors (i.e. 
ADP!AMP!Adenosine) and adenosine is transported to the extracellular space where 
it binds its receptors such as A1R and A2aR (Dunwiddie and Masino, 2001; Fredholm et 
al., 2005; Schiffmann et al., 2007). However, physical activity can increase ATP 
consumption both in the periphery and in the brain (Costa et al., 2001; Dworak et al., 
2007; Simpson and Phillis, 1992). Therefore the source of the striatal adenosine from 
exercise, hypothesized to reduce A1R and A2aR mRNA expression, is not well 
understood. Interestingly, wheel running can increase neural activity and metabolism in 
the striatum (Liste et al., 1997; McCloskey et al., 2001), which may lead to increases of 
extracellular adenosine. However it should be noted that adenosine can cross the blood 
brain barrier (Pardridge et al., 1994). Therefore, adenosine released from peripheral 
tissues as a result of exercise may also play a role in central tissues. Taken together, the 
elevated adenosine levels thought to play a role in the reduction of A1R and A2aR mRNA 
may originate from neural and/or peripheral sources. 
 
Voluntary wheel running modestly but significantly increased D2R mRNA but 
had no effect on D1R mRNA expression in the striatum, consistent with previous studies 
using in situ hybridization (Foley and Fleshner, 2008). Given the opposing roles of D2R 
and A2aR on striatal indirect pathway function, this upregulation of D2R mRNA, if 
consistent with changes in protein expression, could play a role in allowing exercised 
animals the ability to escape from shock in the shuttle box escape task. Moreover, this 
alteration could interact synergistically with increases in striatal DA neurotransmitter 
observed in exercised animals during an analog shuttle box escape task (unpublished data 
in prep) to contribute to the protective effects of physical activity against stress induced 
goal-directed learning deficits. The upregulation of D2R may be explained by the 
persistent exercise induced agonism of A2aRs, as one study has shown that male mice 
exposed to non-selective adenosine antagonist caffeine displayed decreased D2R 
transcript in the striatum (Gilliam et al., 1984). However, the effect of continuous A2aR 
activation on D2R mRNA and protein requires further study. Moreover, the translational 
capacity of these exercise-induced transcript changes as well as their longevity remain to 
be tested. 
 
 Activation of direct and indirect pathway MSNs involves a vast array of 
neurotransmitters and neuromodulations. Here we report changes in A1R, A2aR, and D2R 
mRNA and there are several reasons to believe that these changes contribute to the 
potentiated stress-induced c-fos induction of direct pathway and attenuated stress-induced 
c-fos induction of indirect pathway neurons. First, the uncontrollable stressor used in 
these studies has been suggested to increase striatal concentrations of both adenosine and 
DA (Abercrombie et al., 1989; Hanff et al., 2010; Minor and Hunter, 2002b). As such, 
exercise induced changes in the gene expression of these receptors, if translated to similar 
alterations in receptor proteins, could lead to a differential activation of the direct and 
indirect pathway MSNs between sedentary and running animals during uncontrollable tail 
shock. Second, A2aRs and D2Rs are expressed nearly exclusively on indirect pathway 
MSNs (Ferré et al., 1997; Fuxe et al., 2007; Schiffmann et al., 2007). Binding of 
adenosine to A2aRs increases activity of indirect pathway MSNs while the binding of DA 
to D2Rs suppresses activity of indirect pathway MSNs (Fuxe et al., 2007; Lanciego et al., 
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2012). Therefore, the observed decrease and increase in A2aR and D2R gene expression, 
if consistent with changes in functional protein, could underlie the decreased activation of 
indirect pathway MSNs observed in running animals during uncontrollable stress. Third, 
A1Rs are expressed on direct pathway MSNs (Ferré et al., 1997; Ferré et al., 2007). 
Moreover, binding of adenosine to A1Rs decreases direct pathway MSN activity (Ferré et 
al., 1997; Fuxe et al., 2007). As a result, a exercise-induced reduction in functional A1R 
density due to a reduction in mRNA could contribute to the potentiated activity seen in 
direct pathway MSNs. Taken together, the observed changes in A1R, A2aR, and D2R 
mRNA due to exercise are consistent with changes in functional receptor signaling and 
could underlie the potential alterations in MSN activation reported. 
 
This interpretation, however, requires further analysis. It has been reported that 
A1Rs are expressed on both direct and indirect pathway neurons (Dixon et al., 1996). As 
such, identifying the source of the reduced A1R transcript with in situ hybridization alone 
is difficult. Moreover, given the role of A1Rs as an inhibitor of cellular activity 
(Dunwiddie and Masino, 2001; Ferre et al., 1998), a reduction in functional A1R due to a 
reduction in mRNA expression could lead to a greater activation of indirect pathway 
MSNs. One possible explanation for the lack of this result is the unique function of 
A1R/A2aR heterodimers, given the expression of A2aRs on indirect pathway MSNs. It has 
been suggested that in instances of high extracellular adenosine concentrations these 
complexes favor the activation of A2aRs over A1Rs (Ferré et al., 2007). Substantial 
increases of brain-wide adenosine brought on by uncontrollable stress, therefore, could be 
preferentially acting through A2aRs rather than A1Rs of the indirect circuit. Furthermore, 
if exercised rats struggled to a greater degree in restraint tubes during IS than sedentary 
rats, this could be an alternative source for the observed changes in patterns of c-fos 
induction in direct and indirect pathways, given their roles in creating and inhibiting 
movement respectively. However, our lab has observed no difference in movement 
between sedentary and running rats during uncontrollable stress using biotelemetric 
recording (unpublished data in prep). Therefore, this alternate explanation seems 
unlikely. Although making strong conclusions regarding striatal activity based upon the 
reported changes in A1R, A2aR, and D2R mRNA, these data are consistent with the 
hypothesis that exercise potentiates activation of the direct pathway and suppresses 
activation of the indirect pathway during stress and should be the focus of future studies.  
 
Such modified striatal signaling could have importance for stress-related anxiety 
disorders and behavioral impairments in goal-directed learning. Recent evidence has 
suggested that beyond their roles in movement, the direct and indirect pathways of the 
striatum may be involved in signaling rewarding and aversive experiences respectively 
(Hikida et al., 2010; Kravitz et al., 2012). Therefore, the administration of uncontrollable 
stress could potentially lead to a hyper-activation of indirect pathway MSNs. Moreover, 
this aberrant signaling could underlie the behavioral deficits in goal-directed learning 
observed in animals exposed to this acute stressor. Taken together with the observed 
potentiation of direct and suppression of indirect pathway MSN activity during stress in 
running, compared to sedentary animals, these data suggest that sedentary animals find 
uncontrollable stress more aversive than their running counterparts. Indeed, recent 
findings have found that preferential induction of chronic neural activity marker ΔFosB 
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in direct and indirect pathway neurons indicates a resistance and susceptibility to stress 
respectively (Lobo et al., 2013). Consistent with these data, our lab has demonstrated that 
6 weeks of wheel running prior to the administration of uncontrollable stress is sufficient 
to attenuate the anxiety and depression-like deficits in behavior (Greenwood et al., 2003; 
Greenwood et al., 2012). Therefore, our findings suggest that prior exercise may induce a 
shift from neural activity associated with aversion to signaling associated with reward 
during exposure to stressful stimuli. Such changes in striatal activity could underlie the 
protective effects of exercise against behavioral deficits brought on by uncontrollable 
stress.  
 
One potential mechanism by which this shift in signaling could ameliorate 
behavioral impairments is through the attenuation of the sensitized serotonin (5-HT) 
response. Uncontrollable stress elicits a potentiated 5-HT release in the dorsal striatum 
via the dorsal raphe nucleus (DRN) (Amat et al., 2005; Strong et al., 2011), which 
contributes to the generation of the goal-directed learning deficits observed in LH 
(Greenwood and Fleshner, 2008; Maier and Watkins, 2005; Strong et al., 2011). 
Moreover, our lab has also demonstrated that 6 weeks of voluntary wheel running 
reduces c-fos expression in 5-
HT DRN neurons during 
uncontrollable stress 
(Greenwood et al., 2003) 
indicating a potential reduction 
in activity due to exercise. 
Interestingly, previous studies 
have also implicated the brain 
region, the Lateral Habenula 
(LHb), as a contributor to the 
stress-induced activity of the 
DRN. Indeed, specific lesions 
of the LHb attenuate behavioral 
deficits of LH brought on by 
uncontrollable stress (Amat et 
al., 2001). Furthermore, it has 
been demonstrated that the 
LHb is activated as a result of 
aversive stimuli and quieted 
during periods of reward (Hong 
and Hikosaka, 2008; 
Matsumoto and Hikosaka, 
2007; Shabel et al., 2012) and 
projects to the DRN via 
glutaminergic efferents (Herkenham and Nauta, 1979). Therefore, the LHb is a unique 
position to modulate LH-linked DRN activity based upon the reward state being 
experienced by an organism. Recent evidence suggests that the LHb receives such 
reward/aversion-state information via unique excitatory efferents of the internal globus 
pallidus (GPi) (Hong and Hikosaka, 2008; Hong and Hikosaka, 2013; Shabel et al., 
Fig. 8 Habenular and Traditional Striatal Circuitry 
Differential output circuitry of striatal direct and indirect 
pathway MSNs. Abbreviations: GPi, internal segment of the 
globus pallidus; GPe, external segment of the globus 
pallidus; STN, subthalamic nucleus; LHb, lateral habenula; 
DRN, dorsal raphe nucleus; R, receptor; L, ligand. 
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2012), a key striatal output station (Lanciego et al., 2012). Briefly, the direct and indirect 
pathway MSNs exert inhibitory and excitatory influences on the GPi respectively 
(Kravitz and Kreitzer, 2012; Lanciego et al., 2012). Taken together with the potential role 
of the striatum in reward signaling, it is reasonable to hypothesize that differential striatal 
pathway activation could contribute to the communication of reward/aversion-state 
information to the GPi, the LHb, and eventually, the DRN (see Figure 8 for summary). 
Therefore, the observed exercise induced potentiation of direct and suppression of 
indirect pathway MSN activity during uncontrollable may lead to a suppression of GPi 
and LHb activity. Such changes in signaling could then result in an attenuated 5-HT 
release by the DRN and potentially contribute to the protective effects of exercise against 
depression-like goal-directed learning deficits brought on by uncontrollable stress. 
However, the effect of specific direct or indirect pathway MSN stimulation on GPi, LHb, 
and DRN remain to be characterized and should be topics for further investigation.  
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